Human erythrocytes, by virtue of their ability to release ATP in response to physiological stimuli, have been proposed to participate in the regulation of local blood flow. A signal transduction pathway that relates these stimuli to ATP release has been described and includes the heterotrimeric G protein G i and adenylyl cyclase (AC). In this cell, G i activation results in increases in cAMP and, ultimately, ATP release. It has been reported that G i expression is decreased in animal models of diabetes and in platelets of humans with type 2 diabetes. Here, we report that G i2 expression is selectively decreased in erythrocytes of humans with type 2 diabetes and that this defect is associated with reductions in cAMP accumulation and ATP release in response to incubation of erythrocytes with mastoparan 7 (10 mol/l), an activator of G i . Importantly, this defect in ATP release correlates inversely with the adequacy of glycemic control as determined by levels of HbA 1c (A1C). These results demonstrate that in erythrocytes of humans with type 2 diabetes, both G i expression and ATP release in response to mastoparan 7 are impaired, which is consistent with the hypothesis that this defect in erythrocyte physiology could contribute to the vascular disease associated with this clinical condition. Diabetes 55: 3588 -3593, 2006 
V ascular disease associated with altered vascular reactivity is a major complication of diabetes. Several reports have shown that both endothelium-dependent and -independent vasodilation are impaired in this disease (1) (2) (3) (4) (5) (6) . This reduction in vascular reactivity has been attributed to decreased endothelial nitric oxide (NO) synthesis (3, 4) , increased NO degradation (2, 6) , and/or abnormalities in vascular smooth muscle (3) . The mechanism notwithstanding, it is clear that NOmediated vasorelaxation is reduced in humans with diabetes.
Previous studies have reported that erythrocyte physiology is altered in diabetes. For example, the oxidant stress to which erythrocytes are exposed is increased in a high-glucose environment and is associated with increased glycation of erythrocyte proteins (7, 8) . In addition, erythrocytes of humans with diabetes have been reported to be less deformable than those of healthy humans (9) and to release reduced amounts of ATP in response to osmotic stress, yet these cells were reported to contain increased amounts of intracellular ATP (10) .
The erythrocyte, by virtue of its ability to release ATP in response to exposure to reduced oxygen tension (11) (12) (13) or to mechanical deformation (14 -16) , can participate in local control of vascular caliber (17) (18) (19) (20) (21) (22) . Erythrocytederived ATP has been shown to stimulate endogenous endothelial NO synthesis in circulation of the lung (12, 23) as well as in striated muscle (17, 18) . Indeed, it has been proposed that in the vasculature of skeletal muscle, the erythrocyte plays an important role in the matching of oxygen delivery with metabolic need (20 -22) . A signal transduction pathway that relates both pharmacological and physiological stimuli to ATP release from erythrocytes has been described. Components of this pathway include the heterotrimeric G proteins G s (24) and G i (25, 26) , adenylyl cyclase (AC) (16) , cyclic AMP-dependent protein kinase A (16) , and the cystic fibrosis transmembrane conductance regulator (11, 27) .
Altered expression of one of the components of this pathway, G i , has been reported in animal models of diabetes (28 -32) as well as in platelets of humans with type 2 diabetes (33) . Importantly, in human erythrocytes, activation of G i results in stimulation of AC activity, leading to increased cAMP synthesis and release of ATP (25, 26) , a stimulus for endothelial NO synthesis. Here we investigate the hypothesis that expression of G i is decreased in erythrocytes of humans with type 2 diabetes and that this defect is associated with reduced cAMP synthesis and ATP release in response to activation of this heterotrimeric G protein. Finally, we examine the relationship between impaired ATP release and the adequacy of glycemic control as determined by measurement of HbA 1c (A1C) in humans with type 2 diabetes.
RESEARCH DESIGN AND METHODS
Blood was obtained by venipuncture from healthy humans and humans with type 2 diabetes, collected into heparinized syringes, and centrifuged at 500g at 4°C for 10 min. The plasma and buffy coat were discarded, and erythrocytes were resuspended and washed three times in buffer containing (in mmol/l): 4.7 KCl, 2.0 CaCl 2 , 140.5 NaCl, 1.2 MgSO 4 , 21.0 tris(hydroxymethyl)aminomethane, 5.5 glucose, and 0.5% BSA, final pH 7.4. This procedure results in a concentrated preparation of erythrocytes with a hematocrit of 65-70%. Wright stains of erythrocytes prepared in this fashion reveal less than one leukocyte per 50 high power fields. In addition, the platelet antigen CD41 was not detected in membrane preparations of erythrocytes, indicating there was no significant platelet contamination (data not shown). Cells were prepared on the day of use. The protocol for blood removal was approved by the institutional review board of Saint Louis University. Measurement of ATP and hemoglobin. ATP was measured by the luciferinluciferase technique (11,12,14 -19) , which uses the ATP concentration dependence of light generated by the reaction of ATP with firefly tail extract. Sensitivity was augmented by the addition of synthetic D-luciferin to the crude firefly tail extract. A 200 l sample of the red blood cell suspension was injected into a cuvette containing 100 l crude firefly tail extract (10 mg/ml distilled water, FLE 250; Sigma) and 100 l of a solution of synthetic D-luciferin (50 mg/100 ml distilled water; Sigma). The light emitted was detected using a luminometer (Turner Designs). A standard curve was obtained on the day of each experiment. To exclude the presence of significant hemolysis, free hemoglobin was determined at the time of ATP measurements. Samples were centrifuged at 500g for 10 min at 4°C, and the presence of hemoglobin in the supernatant was determined by light absorption at a wavelength of 405 nm. All data were excluded from experiments in which free hemoglobin increased. Mastoparan 7, at the concentrations used in this study, did not alter the sensitivity of the assay for authentic ATP (data not shown). Measurement of cAMP. For determination of cAMP, erythrocytes were diluted with wash buffer (see above) to achieve a hematocrit of 50%. Erythrocytes of healthy humans or humans with type 2 diabetes were incubated with either mastoparan 7 (activator of G i , 10 mol/l) (25) or its vehicle (PBS). Then, 1 ml of erythrocyte suspension was added to 4 ml of ice-cold absolute ethanol containing HCl (1 mmol/l), and the mixture was centrifuged at 14,000g for 10 min at 4°C. The supernatant was removed and stored overnight at Ϫ20°C to precipitate remaining proteins. Samples were then centrifuged a second time at 3,700g for 10 min at 4°C. The supernatant was removed and dried under vacuum centrifugation. Concentrations of cAMP were then determined with a cAMP Biotrak enzyme immunoassay system (Amersham Biosciences). Erythrocyte counts were obtained from blood at a hematocrit of 50%, and the amounts of cAMP measured were normalized to an erythrocyte red blood cell count of 10 10 cells/ml. Preparation of erythrocyte membranes. Washed packed erythrocytes (2 ml, hematocrit 65-70%) were added to 200 ml of hypotonic buffer (5 mmol/l Tris-HCl, 2 mmol/l EDTA, with pH adjusted to 7.4) and stirred vigorously for 20 min. The mixture was centrifuged at 23,300g for 15 min. The supernatant was discarded and the membranes resuspended in hypotonic buffer. The mixture was centrifuged at 23,300g for 15 min and the supernatant discarded. The membranes were pooled, resuspended in buffer, and centrifuged again at 23,300g for 15 min. The protein concentration was determined with a bicinchoninic acid protein assay (Pierce). Membranes were aliquoted and stored at Ϫ80°C. Identification of the ␣ subunit of heterotrimeric G proteins and ACII in erythrocyte membranes. Erythrocyte membranes were solubilized in sample buffer (0.277 mol/l SDS, 60% glycerol, 0.4 mol/l dithiothreitol, 0.25 mol/l Tris HCl, and 0.004% bromophenol blue), heated (5 min, 100°C), and loaded onto a precast 4 -20% gradient or 5% Tris-HCl Ready Gel (Bio-Rad). Gels were subjected to electrophoresis at 150 V for 90 min (4 -20% gel) or 45 min (5% gel) with buffer containing 25 mmol/l Tris, 192 mmol/l glycine, and 0.1% wt/vol SDS, pH 8.3. After electrophoresis, proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane with transfer buffer (25 mmol/l Tris and 192 mmol/l glycine with 20% vol/vol methanol at pH 8.3) at 100 V for 1 h on ice. PVDF membranes were blocked with 5% nonfat dry milk in PBS (10 mmol/l sodium phosphate, pH 7.4, 150 mmol/l NaCl containing 0.1% Tween-20) and then incubated with antibodies directed against either the ␣ subunit of G s (rabbit polyclonal, 1:1,000 dilution; Biomol), G i1 (mouse monoclonal, 1:1,000 dilution; Exalpha), G i2 (mouse monoclonal, 1:200 dilution; Biomol), or G i3 (rabbit polyclonal, 1:1,000 dilution; Biomol). It was determined previously that the antibodies to the various ␣ subunits of the G proteins studied were both selective and specific (24, 25) . The presence of ACII was determined by incubation of membranes with antibodies directed against either an internal epitope of that protein (H-100, 1:600 dilution; Santa Cruz) or its COOH terminus (C-20, 1:600 dilution; Santa Cruz) (35) . On separate gels, 5 g of the same membrane preparations were treated in an identical manner but were incubated with antibody directed against ␤-actin (mouse monoclonal, 1:5,000 dilution; Sigma) as a loading control. PVDF membranes were then incubated (1 h, 25°C) with either donkey anti-rabbit or sheep anti-mouse IgG linked to horseradish peroxidase (1:5,000 and 1:600 dilution for antibodies to G proteins/␤-actin and ACII, respectively; Amersham Biosciences) as secondary antibodies in 1% nonfat dry milk in PBS containing 0.1% Tween 20. After labeling with the secondary antibody, PVDF membranes were exposed to enhanced chemiluminescence using enhanced chemiluminescence (Amersham Biosciences).
Determination of relative amounts of G protein ␣ subunits and ACII present in erythrocyte membranes. Amounts of membrane protein loaded on the gels were standardized by determination of the protein content of each preparation before loading and by determination of the amount of ␤-actin present in each sample. Amounts of G protein or AC in individual membrane preparations were calculated as the ratio of the protein of interest to ␤-actin, as determined by densitometry. Values for G proteins of healthy humans and humans with type 2 diabetes are expressed as the percentage of that G protein detected in the membrane of a healthy human run on the same gel. Values for ACII are expressed as the ratio of its density to that of ␤-actin. All studies were performed in duplicate. Incubation of erythrocytes with mastoparan 7. Erythrocytes were diluted with wash buffer (see above) to achieve a hematocrit of 20%. Erythrocytes of healthy humans or humans with type 2 diabetes were incubated with either mastoparan 7 (activator of G i , 10 mol/l) (35) or its vehicle (PBS). Then, 1 ml of 20% erythrocytes was diluted 1:10 with wash buffer to achieve a hematocrit of 2%. The number of erythrocytes was then determined and, after an additional 1:50 dilution, ATP was measured. The amount of ATP released was corrected for dilution and normalized to a cell count of 4 ϫ 10 8 erythrocytes/ml (2% hematocrit). ATP release was determined before (baseline) and at 5, 10, and 15 min after the addition of mastoparan 7 or its vehicle, PBS. Statistical methods. Statistical significance between experimental periods was determined with ANOVA. In the event that the F ratio indicated that changes had occurred, a Fischer's least significant differences-protected Student's t test was used to identify individual differences. Correlation between A1C levels and ATP release was determined by regression analysis. P Յ 0.05 was considered to be statistically significant. Results are reported as the means Ϯ SE.
RESULTS

Characteristics of subjects with type 2 diabetes.
Patients with type 2 diabetes were identified by physicians in the Endocrinology Clinic at Saint Louis University. A history form was completed for each individual that included a detailed listing of all medications, the subject's age, as well as the most recent A1C level (values within 4 weeks of blood removal). The mean ages of healthy humans and humans with type 2 diabetes studied was 37 Ϯ 5 (n ϭ 11, range 24 -63) and 51 Ϯ 4 (n ϭ 13, range 28 -75), respectively. Patients with type 2 diabetes were treated with insulin (n ϭ 6), lipid-lowering agents (n ϭ 8), oral hypoglycemic agents (n ϭ 10), low-dose aspirin (n ϭ 9), diuretics (n ϭ 5), ␤-receptor antagonists (n ϭ 7), ACE inhibitors or receptor antagonists (n ϭ 9), oral nitrates (n ϭ 5), and calcium channel blockers (n ϭ 4). The mean A1C level for all subjects with type 2 diabetes was 8.7 Ϯ 0.7 (n ϭ 19, 5.5-17.1). All record keeping was in strict compliance with HIPAA (Health Insurance Portability and Accountability Act) regulations. Expression of G i in erythrocyte membranes. Amounts of heterotrimeric G proteins, G s , G i1 , G i2 , and G i3 , present in erythrocyte membranes of healthy humans and humans with type 2 diabetes were determined by Western analysis, quantified by densitometric scanning, and corrected for the amount of ␤-actin in each sample. Among the G proteins measured, only G i2 was significantly decreased in humans with type 2 diabetes (n ϭ 9) when compared with amounts found in the erythrocyte membranes of healthy humans (n ϭ 8) (Fig. 1) . Effect of an activator of G i (mastoparan 7) on ATP release from erythrocytes of healthy humans and humans with type 2 diabetes. Baseline (unstimulated) ATP release was not different between groups (Fig. 2) . Incubation with mastoparan 7 (10 mol/l) resulted in ATP release from erythrocytes of healthy humans (n ϭ 8) as well as from those of humans with type 2 diabetes (n ϭ 9) (Fig. 2) . However, amounts of ATP released from erythrocytes of humans with type 2 diabetes were lower than amounts released by erythrocytes of healthy humans (Fig. 2) . Moreover, maximum ATP release occurred at 7.5 Ϯ 1.3 min in healthy humans and was delayed to 11.7 Ϯ 1.3 min in humans with type 2 diabetes (P Ͻ 0.05). Relationship between A1C and mastoparan 7-induced ATP release from erythrocytes of humans with type 2 diabetes. Although ATP release from erythrocytes of humans with type 2 diabetes was decreased compared with that of healthy humans, some ATP release was detected. To determine whether the amount of ATP released correlated with glycemic control, we determined the relationship between A1C level and ATP release from erythrocytes of humans with type 2 diabetes. A1C has been reported to serve as a reliable marker of the adequacy of glycemic control, such that the greater the A1C, the poorer the glycemic control (34,36 -39) . As depicted in Fig. 3 , there is a significant linear correlation between A1C and mastoparan 7-induced ATP release from erythrocytes (n ϭ 9, P Ͻ 0.01). Expression of ACII in erythrocyte membranes. The presence of ACII in erythrocyte membranes of healthy humans and humans with type 2 diabetes was determined by Western analysis. Proteins were quantified by densitometric scanning and corrected for the amount of ␤-actin in each sample. Using two antibodies directed against two distinct epitopes, it was determined that ACII is a component of the membranes of human erythrocytes. There was no difference in the levels of expression of ACII between healthy humans (n ϭ 4) and humans with type 2 diabetes (n ϭ 4) (Fig. 4) . It is important to note that the molecular weight of ACII, based on analysis of amino acid composition, would be predicted to be ϳ120 kDa. However, it has been reported that in membranes from several cell types, this protein may be found with an apparent molecular weight in the range of 200 -250 kDa (40 -42) . These higher-molecular weight complexes have been suggested to result from dimerization of AC, association with other proteins in a signaling cascade, or glycosylation (35) . We report that the ACII found in human erythrocytes, using two distinct antibodies, has an apparent molecular weight of ϳ200 kDa (Fig. 4) . This is consistent with reports demonstrating that ACII is found with a similar apparent molecular weight in human myometrium (42) and in rabbit erythrocytes (35) . Effect of mastoparan 7 on accumulation of cAMP in erythrocytes of healthy humans and humans with type 2 diabetes. It was previously shown that AC activity is required for ATP release from human erythrocytes (16) . Importantly, in the erythrocyte, activation of G i has been shown to stimulate cAMP accumulation (25, 26) , presumably via the activity of the associated ␤␥-subunit (43) (44) (45) (46) . If ATP release is decreased in erythrocytes of humans with type 2 diabetes in response to activation of G i with mastoparan 7, then it would be anticipated that cAMP accumulation would be decreased as well. Incubation of erythrocytes of healthy humans (n ϭ 7) with mastoparan 7 resulted in an increase in cAMP (Fig.  5) . In contrast, there was a small but not significant increase in cAMP in erythrocytes of humans with type 2 diabetes in response to mastoparan 7 (n ϭ 7). Previously, it was reported that basal cAMP levels were reduced in vascular smooth muscle cells exposed to high glucose concentrations (30) . Here, we found no decrease in baseline cAMP levels in erythrocytes of humans with type 2 diabetes compared with cells of healthy humans. To address this further, in separate studies, we incubated erythrocytes with 3-isobutyl-1-methyl xanthine (IBMX; 10 mol/l, dissolved in ethanol and diluted with saline) to inhibit the degradation of cAMP. Under these conditions, cAMP levels were 2.9 Ϯ 0.8 and 1.9 Ϯ 0.2 pmol per 10 10 erythrocytes for cells of healthy humans (n ϭ 5) and humans with type 2 diabetes (n ϭ 7), respectively. Although the cAMP value in the type 2 diabetes group was smaller than that in healthy subjects, it was not significantly different from that in erythrocytes of healthy individuals.
DISCUSSION
In the work presented here, we demonstrate that G i2 expression is decreased in erythrocytes of humans with type 2 diabetes (Fig. 1) . Under the proposed signaltransduction pathway depicted in Fig. 6 , activation of erythrocyte G i would be anticipated to result in cAMP accumulation and release of ATP from human erythrocytes. We found that in erythrocytes of humans with type 2 diabetes, in association with reduced G i2 expression, cAMP accumulation and ATP release are reduced in response to incubation of these cells with an agent, mastoparan 7, that activates G i (Figs. 2 and 4) . Our previous finding that G i activation is a critical step for ATP release from human erythrocytes in response to exposure to reduced oxygen tension or mechanical deformation (25, 26) suggests that a defect in ATP release from erythrocytes of humans with type 2 diabetes could impair the ability of that cell to participate in the matching of microvascular blood flow with metabolic need (20 -22) . The finding that G i2 expression is decreased in erythrocytes of humans with type 2 diabetes is consistent with reports of reduced expression of heterotrimeric G proteins of the G i subclass in animal models of diabetes (28 -32) . An important role for G i2 in the pathophysiology of diabetes was suggested by reports that mice deficient in G i2 demonstrate insulin resistance, hyperinsulinemia, and impaired glucose tolerance (31) and that overexpression of G i2 improves glucose tolerance in mice with streptozotocin-induced diabetes (33) . The association between reduced G i expression and diabetes is not limited to animal models. It was shown that expression of both G i2 and G i3 is reduced in platelets of humans with type 2 diabetes (24). Here we report that in erythrocytes of humans with type 2 diabetes, there is a selective decrease in G i2 expression in the absence of changes in the expression G s or other G i subtypes (Fig. 1) .
Decreased expression of G i in erythrocyte membranes of humans with type 2 diabetes would be anticipated to have functional consequences. In the human erythrocyte, activation of G i is required to demonstrate release of ATP in response to exposure to reduced oxygen tension and mechanical deformation, as demonstrated by studies in which pertussis toxin, an inhibitor of G i , prevented ATP release from erythrocytes in response to mechanical deformation (25) , exposure to reduced oxygen tension (26) , as well as incubation with mastoparan 7, a direct activator of G i (25) .
Erythrocyte-derived ATP has been suggested to be an important determinant of microvascular perfusion. In isolated rat cerebral arterioles, a reduction in oxygen tension resulted in ATP release from the erythrocytes, accompanied by an increase in vascular caliber (12) . This response was not seen when the vessels were perfused with salt solution in the absence of erythrocytes. In addition, ATP infused into arterioles and venules of the microcirculation of striated muscle of hamsters resulted in vasodilation and an increase in the erythrocyte supply rate (17, 18) . Importantly, application of ATP to the venular side of that microcirculation resulted in arteriolar vasodilation, i.e., the response was conducted upstream (18) . It was shown that these effects of ATP were mediated, in large part, via the stimulation of NO synthesis (17, 18) . Taken together, these results provide strong support for the hypothesis that erythrocyte-derived ATP, released in the microcirculation, participates in the local control of vascular caliber via the stimulation of endogenous NO synthesis. Here, we show that mastoparan 7-induced ATP release from erythrocytes of humans with type 2 diabetes is reduced compared with erythrocytes of healthy humans (Fig. 2) . This defect in ATP release in response to activation of G i , which is required for ATP release in response to reduced oxygen tension, could limit the ability of the erythrocyte to participate in the regulation of microvascular blood flow distribution in humans with type 2 diabetes.
A1C, a measure of long-term glycemic control in diabetes, has been shown to correlate with diabetic complications, such that higher A1C levels are associated with increased number and severity of complications (34,36 -39) . We have determined that the degree of impairment of mastoparan 7-induced ATP release from erythrocytes of humans with type 2 diabetes correlates inversely with the adequacy of glycemic control, as determined by the concentration of A1C (Fig. 3) . Although only correlative, one interpretation of this association is that the smaller ATP release associated with poorer glycemic control could contribute to the increased incidence of vascular complications in type 2 diabetes.
When heterotrimeric G proteins are activated, the ␣ subunit dissociates from the ␤␥-complex. The ␣ subunit and the ␤␥-complex can then regulate, either individually or synergistically, the catalytic activity of AC. The ␣ subunit of G s activates all isoforms of AC (44 -46) . In addition to the ␣ subunit, it is now recognized that the ␤␥-subunit of G i is capable of activating at least three isoforms of AC (II, IV, and VII) (44 -46) . This ability has been shown to reside with the ␤-component of the dimer, of which five types have been defined (42) (43) (44) . Types 1, 2, 3, and 4 have been shown to activate AC (46) . We determined previously that these ␤-subunits are present in human erythrocyte membranes (35) . Here, we report that erythrocytes of both healthy humans and humans with type 2 diabetes possess comparable amounts of ACII (Fig.  4) , suggesting that the failure of mastoparan 7 to stimulate increases in cAMP in erythrocytes of humans with type 2 diabetes is not explained by a simple decrease in the amount of this AC isoform present. However, it is possible that ACII activity is reduced in erythrocytes of humans with type 2 diabetes. In addition, although poorly characterized, human erythrocytes do possess phosphodiesterase activity (47, 48) . Thus, it is also possible that the failure to demonstrate increases in cAMP in erythrocytes of humans with type 2 diabetes is related to increased phosphodiestrase activity. Although the results of the current study do not permit resolution of these issues, it is important to note that incubation of erythrocytes of humans with type 2 diabetes with the nonselective phosphodiesterase inhibitor IBMX did not result in cAMP levels that differed from those of healthy humans, suggesting the basal phosphodiesterase activity is not greatly different.
In summary, the finding that G i is a necessary component of a signal transduction pathway that relates physiological stimuli to ATP release from erythrocytes, coupled with the finding that expression of G i2 is reduced in the erythrocyte membranes of humans with type 2 diabetes, suggests that this defect in erythrocyte physiology could lead to a reduced stimulus for endogenous NO synthesis in the microvasculature. This hypothesis is supported by the findings that incubation of erythrocytes of humans with type 2 diabetes with an activator of G i did not result in increased cAMP synthesis and that stimulated ATP release was greatly reduced compared with erythrocytes of healthy humans. Importantly, the impairment in ATP release correlates in an inverse fashion with the adequacy of gylcemic control. Taken together, the results presented here are consistent with the hypothesis that abnormal erythrocyte ATP release contributes to vascular disease in humans with type 2 diabetes.
